Optical waveguide bends are indispensable to integrated optical systems, and many methods to mitigate bend loss have thus been proposed. Transformation optics (TO) causes light to travel around a bend as if it was propagating in a straight waveguide, eliminating the bend loss. Many reported TO waveguide bends have utilized solid materials, but there are fundamental difficulties for real applications because of their complex fabrication, lack of reconfiguration, and the so-called effective medium condition. Here, we develop a method to overcome these problems using the convection-diffusion of liquids. It enables real-time tunable transformation optical waveguide bends using natural liquid diffusion while still exhibiting the major merits of quasi-conformal mapping. We have experimentally demonstrated bending in visible light by 90 and 180°while preserving the intensity profile at a reasonably high level of fidelity. This work bridges fluid dynamics and optics and has the potential for application in on-chip biological, chemical, and biomedical measurements, as well as detectors and tunable optical systems.
INTRODUCTION
Transformation optics (TO) is a new method of designing devices that can manipulate light through modification of electromagnetic space. Unlike traditional TO methods that require media with anisotropy and inhomogeneity properties [1, 2] , quasiconformal TO (QCTO) provides a relatively simple solution by using only isotropic media [3] [4] [5] [6] [7] . Both methods show great potential for unprecedented devices such as cloaks [1, 2, 4, 6] , conformal antennas [8] , gravitational lens mimicking [9] , Luneberg lenses [10] , and waveguide bends [11] [12] [13] [14] [15] [16] [17] [18] .
Among them, a waveguide bend is an indispensable component in integrated optical systems [12] . Transformation waveguide bends can inherently make light to travel along a bend channel as if it was propagating in a straight waveguide, showing its good performance characteristic. However, many previous TO bend studies have been merely concepts or lab curiosity experiments because of the requirement of a continuous material relative to the working wavelength. Examples include anisotropic complex media designs at centimeter wavelengths [11, 12] , anisotropic metamaterial designs at THz [13] and centimeter wavelengths [14] , and isotropic materials at microwave wavelengths [15, 16] . In addition, only two experimental results have so far been presented [17, 18] . One used metamaterials at microwave wavelengths [17] and the other employed a silicon waveguide with a varying cross-section profile to operate at 1.55 μm [18] .
Optofluidics shows powerful potential for optical tunable devices [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] such as optofluidic microlenses [27] , optofluidic light switches [29] , tunable reflectors [21] , detection systems [22, 30, 31] , and liquid waveguides [20, 25, 26] . One of the special merits of optofluidics is the ability to use the liquid diffusion process to generate a gradient refractive index (RI) profile, which is inherent in isotropic media and naturally suitable for QCTO [7] . This inspired us to develop optofluidic waveguide bends.
In this work, we employ the diffusion process to demonstrate a tunable liquid waveguide bend. Unlike conventional diffusion processes [7, 19, 20, 24, 26] , we use special boundary conditions to design the liquid bend. This diffusion method can generate a layered gradient RI profile that meets the requirements of TO bends. We have experimentally demonstrated 90°and 180°liquid bends in visible light, and the observed light propagations are consistent with the theoretical predictions. This work may broaden the areas of fluid dynamics and optics and have potential applications in tunable optical systems.
CONCEPT AND DESIGN
liquids share the same flowing direction, leading to an inhomogeneous mixed medium where the flow moves forward. Here, we employ counterflows to build a new type of flow configuration [see Fig. 1(a) ]. When one liquid moves radially outward whereas the other moves radially inward, the diffusion process can be almost uniform. For example, the counterflow has two flowing directions, radial direction (i.e., r or −r direction) and tangential direction (i.e., θ direction). The level of diffusion in the θ direction is the same. This diffusion method is governed by the convection-diffusion equation [7] ∂C ∂t
where C is the concentration, D is the diffusion coefficient, U is the velocity, and R is the resource for a chemical species. On the right side of Eq. (1), the first item represents the diffusive transport process where the second item represents the convective transport process. For a steady-state flow, the solution concentration does not vary with time and no chemical reaction occurs between the two liquids, implying that ∂C∕∂t 0 and R 0. The RI of the mixed solution (n c ) is dependent on its concentration (C ∝ n 2 c ) [32] . Thus, from Eq. (1) we can obtain the formula when the flow velocity is close to 0 (U → 0):
The RI profile derived from Eq. (2) is analogous to the profile generated by the QCTO [4] , indicating that this diffusion method can meet the requirements of QCTO bends.
As shown in Fig. 1(a) , the concentration at a point r; θ is formed by the interaction between the liquids injected in the θ 0 direction at t 0 and those injected in the θ 1 ; θ 2 ; θ 3 ; …; θ n directions at t 1 ; t 2 ; t 3 ; …, t n n → ∞, respectively. The concentration at point r; θ can be written as Cr; θ jC 1 r; θ C 2 r; θj r jC 1 r; θ C 2 r; θj θ ;
where Cr; θ is the concentration at point r; θ, C 1 r; θ and C 2 r; θ are, respectively, the concentrations at r; θ caused by the glycol flow and water flow, and j j r and j j θ represent the contribution in the r and θ directions, respectively.
The mass conservation equation in a rectangle is used [33] . For the liquid bends, the mass conservation equation in two orthogonal directions can be written as
where r 1 < r < r 2 (r 1 is the inner radius and r 2 the outer radius) and 0 ≤ θ ≤ π∕2. U r and U θ represent the average velocity in the r and θ directions, respectively. In the r direction, there must be a concentration difference because of the two input lines [see Fig. 1(a) ]. In the θ direction, the concentration is clear when r r 1 or r 2 . Substituting into Eq. (4) yields the result ∂C∕∂θ 0; in other words, the level of diffusion at a fixed r is identical, which is difficult to achieve using previous diffusion methods. The ratio of diffusion and convection can be described by a non-dimensional number, the Péclet number, which can be Research Article expressed as Pe V 1 V 2 W ∕D, where W is the main channel width, and V 1 and V 2 are the velocities of the glycol flow and water flow, respectively. They have a limited relationship to ensure that the diffusion region is in the main channel. The velocity ratio V 2 ∕V 1 should be about 2.5, and the ratio of the water flow rate and glycol flow rate (flow rate unit in nl/min) is 2.68. For fixed W and D, Pe can represent the level of diffusion between two liquids well. A small Pe indicates a low flow velocity and a high level of diffusion. In this case, the liquid bend has good performance. 
Research Article B. Device Design
The design of the liquid bends is illustrated in Fig. 1(c) . The channel for diffusion is formed by a two-layer structure. The upper layer (75 μm high) has a fan-shaped area to inject and carry liquids, but has no waveguide channel or outlet, whereas the lower layer (80 μm high) has a waveguide channel and two outlets. The two layers are aligned and bonded together, as shown in Fig. 1(d) , and there are osmotic gaps for the liquids to flow from the upper layer to the waveguide channel in the lower layer for convectiondiffusion [see the cross section in the inset of Fig. 1(d) ]. The inner input is injected with ethylene glycol (n gly 1.432), the outer input is injected with deionized (DI) water (n water 1.332), and the wall of the channel is polydimethylsiloxane (PDMS) (n PDMS 1.410). The boundaries of the channel are standard circular curves. The inner and outer radii of the channel are 741 and 804 μm, respectively. The width of the two osmotic gaps is 4 μm and the main channel width is 55 μm.
DEMONSTRATION FOR PROOF OF CONCEPT A. Device Implementation
The two-layer structure of the device is fabricated using the standard soft lithography process with an accuracy of 2 μm. First, an SU-8 photoresist layer (MicroChem, SI8-50) is spin-coated onto a silicon wafer. After pre-baking, the master is exposed to UV light under a glass mask aligner. This treated master generates a positive bias-relief of the photoresist on the surface and can be used as a mold for the PDMS. A PDMS prepolymer is then poured over the master and stored in an oven for 1 h at 75°C. Then, the PDMS replica is peeled off from the master and processed by plasma oxidation to bond the upper and lower layers together. All liquids are stored in 100 μl glass syringes and driven by syringe pumps (Longer Pump, TS-1A). The liquids are transported from the pumps to the device by silicone tubes, and the needle tubing at the end of the silicone tubes is inserted into the reserved injection hole in the PDMS. A 532 nm green laser (CNI MGL-FN-532/1) is used as the light source; it is coupled to a single-mode optical fiber with NA 0.12. The fiber can be inserted into the reserved channel [ Figs. 1(c) and 1(d)] . A collimating lens between the fiber end and the waveguide channel is employed to collimate the fiber input to the waveguide channel [23, 26, 28, 30] .
B. Analysis of Refractive Index Distribution
In the liquid bend, the RI profile is determined by the level of diffusion between the two liquids. Figure 2(a) shows the RI profile when the glycol flow rate is 16.84 nl∕ min . In this case, the RI profile shows a linear relationship in the r direction [solid red line in Fig. 2(b)] and has the same level in the θ direction [solid lines in Fig. 2(c) ], which match well with the required RI profiles of ideal TO bends [dashed black line in Figs. 2(b) and 2(c) ]. With increase in glycol flow rates, the RI profile in the r direction differs from the desired RI profiles [see the solid blue, green, and black lines in Fig. 2(b) ].
In Fig. 3 , the glycol and water flows are represented in red and yellow, respectively. RI profiles corresponding to glycol flow rates of 449.14, 112. Figs. 3(g)-3(i) . Overviews of the experimental results can be seen in Fig. S5 of Supplement 1. Confocal images of the RI profiles are also presented to prove the homogeneity of the RI in the thickness direction (i.e., z direction) when the flowing condition is suitable for the liquid bend (see Fig. S6g of Supplement 1).
The dimensions of the liquid bend can be changed by varying the RI difference Δn between the liquids. For instance, when the radius is reduced, materials with a higher Δn can be chosen to realize the liquid bend (see Fig. S3a of Supplement 1).
C. Osmotic Mode Analysis
The limitation of the main channel height is also investigated. The liquid velocity from the osmotic gap to the channel bottom can be expressed by the following relationships:
The average velocity can be written as
where a is the width of the osmotic gap, v ↓1 is the vertical speed of the glycol liquid from the gap to the channel bottom, v v ↓2 is the vertical speed of the water liquid, Q 1 and Q 2 are, respectively, the glycol and water flow rates, andv ↓ is the average vertical speed of the two flows.
To obtain the maximum time for the liquids to arrive at the channel bottom from the osmotic gaps while still having a negligible influence on the level of diffusion in the horizontal direction, the relationships can be expressed as, respectively, 
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If the flowing distance in the horizontal direction is s, we can obtain
The average timet can be expressed as
where d upper is the depth of the upper layer, v →1 is the velocity of the glycol flow when it flows in the upper layer, v →2 is the velocity of the water flow, t →1 is the time that the glycol flow flows through s, and t →2 is the time for the water flow. When s ≤ W ∕9, the difference between the theory mode and the experimental osmotic mode is negligible. The relationship of the main channel height H can be written as
where s W ∕9 6.11 μm and d upper 75 μm. More details are presented in Fig. S2 of Supplement 1.
D. Simulated and Experimental Light Propagation
The intensity profile of the input light follows the Gaussian distribution I 1 σ ffiffiffiffi 2π p I 0 exp− r−r 0 2 2σ 2 , the peak intensity I 0 is located at the middle radius position (r o 0), and the value of σ is the amplitude distribution (4σ W ). The factor P jr − r o j∕0.5 W is used to measure the movement of the peak intensity in the r direction. The absolute value of the coefficient r 2 (represented by a) is chosen to measure the deviation of the 
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The fluorescent dye Rhodamine B is added into the liquids to visualize the light path (the concentration of Rhodamine B in both liquids is identical). The input light profile in all light experiments is identical and its position is also kept the same. The light intensity profiles are measured at the middle z plane (z 40 μm). The liquid bend performs well when the glycol flow rate is 16.84 nl∕ min , as shown in Figs. 4(a) and 4(b) . The intensity profiles along the observation lines in Figs. 4(a) and 4(b) are plotted in Figs. 4(c) and 4(d) , respectively. The liquid bends can be modulated by changing the glycol flow rates (see Fig. S7 of Supplement 1 and Visualization 1). In Fig. 4(b) , when line 1 is used as the reference, line 2 has P 0.01 and A 0.05 and line 3 has P 0.02 and A 0.03. This indicates that the intensity profile of the liquid bends is maintained well.
We also demonstrate the 180°bend. All the parameters (e.g., main channel width, middle radius, channel height, gap width, types of liquid, and flow rates) are identical to those of the 90°bend. The results are presented in (e) and 6(h), and 6(f ) and 6(i) show the intensity profiles of 6(a), 6(b), and 6(c), respectively. They indicate that the intensity profiles of the output light match well with the Gaussian function. The arbitrary profiles of the 90°, 180°, and 270°bends are simulated using the ray-tracing module (see Fig. 7 ). It can be observed that the beam profile is well maintained after different bending angles, further proving the good performance of the liquid bends.
The intensity is obtained by the emission light of the fluorescent dye. For a pure type of dye, the fluorescent intensity and laser intensity have a linear relationship; thus, the fluorescent intensity can represent the laser intensity [34, 35] . The attenuation of light is calculated as 10 log 10 P input ∕P output , where P input is the power of the input light [line 4 in Figs. 4(b) and 5(b)] and P output is the power of the output light [line 6 in Figs. 4(b) and 5(b) ]. The bending loss in the liquid bends is negligible because of the characteristic of the TO design. Instead, the absorption by the fluorescent dye becomes dominant. In this work, the fluorescent dye is used to show the light path, but it is not necessary for real applications. Therefore, the bending loss is negligible for the liquid bends.
DISCUSSION
The experiments have demonstrated some merits of the liquid bends, for instance, tunable bending states and wide bending angles. The microfluidic system and supporting setups might be cumbersome in some applications; however, they can be removed if UV glues are used because the liquids and liquid bends are Research Article cured to solidify after diffusion completion [36, 37] . In addition, by using liquid diffusion, the liquid bends can naturally exhibit the other merits from the solid TO bend modes [12] . Here, we summarize this work. (1) A counterflow is employed to develop the diffusion process. The input directions (e.g., along r or −r direction) are just one part of the flowing directions (e.g., along r, −r, and θ directions), generating nearly the same level of diffusion in the θ direction [see Figs. 2(a) and 2(c) ]. This is a unique property compared with conventional diffusion methods [7, 19, 24] . (2) Liquids are continuous materials and can be used to change the RI continuously. This avoids the complicated fabrication of subwavelength structures [12] [13] [14] [15] [16] [17] [18] . (3) The bending angle can be even larger, such as 270°(see Fig. S8 of Supplement 1). This is already superior to solid waveguide bends, in which it is difficult to increase the bending angle to 180°while still maintaining good performance. (4) Most of the solid TO devices are limited to laboratory studies because of the reliance on metamaterials, the associated complex fabrication, and high cost [1, 2, 10, 12] . In contrast, liquid bends use only common, low-cost liquids and the simple control of flow rates, making it easy to form the TO devices.
In conclusion, our work advances state-of-the-art QCTO by creating liquid-based waveguide bending systems. This is inspired by our new finding that the convection-diffusion process at low flow velocities can produce an RI profile analogous to QCTO. Liquid bends enable real-time tunable bending effects using the natural diffusion of miscible flows, while still showing the major merits of TO bends. The experiments have demonstrated 90°a nd 180°bends with good performance by using ethylene glycol and DI water as the liquid media. This work thoroughly demonstrates that the liquids are good choices for the TO devices. With rapid development of optofluidic technology, this device may be integrated into an optical communication system. 
